We report an experiment using a vibrating needle to activate calcium ions and waves in mice muscle tissue fibers. In vivo Ca 2+ migration in mice was observed along with its muscle pathways using two-photon laser fluorescence.
Introduction
The objective of this study is to investigate the mechanical vibration of an acupuncture needle, the acoustic shear wave it has created, and the possibility of activating calcium ion channels at the molecular level. It has been demonstrated that human muscle provides a high-quality propagation medium for acoustic shear waves (ASW) and that the wave length and speed are proportional to the stiffness or elasticity of the muscle by using the magnetic resonance elastography (MRE) [1] . Unfortunately, MRE does not have the range or resolution to image the molecular nature of calcium in animals or human. We need a different tool to observe it in vivo. The two-photon laser scanning fluorescent microscopy in mice is ideally suited for this purpose because of its excellent spatial, temporal and depth resolutions.
In most modern acupuncture, an electrical generator is used to produce a strong stimulation in the body muscle. The technique is known as the electro-acupuncture. In clinical practice, electrical pulses applied to the human muscle produce a strong mechanical vibration via the piezoelectric effect. The mechanical vibration in turn will generate ASW. This study is to examine the interplay between the electro-mechanical signaling, the ASW it created, and the molecular response by observing calcium fluorescence with the two-photon laser imaging using a mouse model.
Methods
Approval of animal ethics was obtained through Peking University (PKU) Institutional Animal Care Users Committee (IACUC) for live animal acupuncture studies under ID IMM-ChengHP-14. In vivo experiments were carried out on 8-week-old C57BL/6N mice with GCaMP2 (GenBank accession no. DQ381402), one of the most robust indicators that was successfully used for studying Ca 2+ fluxes in vivo [2] - [4] . The mouse hind-limb muscle was transfected with pcDNA3_GCaMP2 by electroporation [5] , [6] . Injection of 40 µg expression plasmid was followed by controlled electric pulses (30 V/20 ms duration) delivered by needle electrodes inserted into the skeletal muscle. Two weeks after transfection, the operated animals were anesthetized, shaved and mounted for observation. An acupuncture needle (Hwato 0.4 mm × 50 mm) was inserted into the hind-limb muscle, between the tibia and fibula, 5 mm lateral to the anterior tubercle of the tibia (acupoint ST36) and was driven by a piezoelectric transducer (D220-A4-503YB, Piezo Systems Inc.) operating at 400 Hz with an applied voltage of 10-40 V. Ca 2+ signal was monitored by the Leica TCS SP5 twophoton laser scanning microscope system coupled to an upright microscope (CFS, Leica). Twophoton fluorescence images were acquired through 20x water immersion objective lens (HCXm APO, x1.20/1.00 W, Leica) using 488 nm argon laser light for fluorescence excitation. Typically, gain and offset of the photomultipliers were kept constant while laser intensity was adjusted according to the depth of the observed fiber; only fibers from the first to the second outer layer, up to about 100 µm in depth, were imaged. We have 6 animals, one was assigned to single-photon scan and 5 for the two-photon scan. The acupuncture needle was about 1-2 mm from the fibers to be observed.
Results and Discussion
The experiment started with the single-photon fluorescence imaging shown in Fig. 1 as a point of reference. Without electrical excitation, there was green light in the left panel indicating background Ca 2+ concentration. When the electricity is applied, there was an increased light level in the right panel in a broad area. However, the resolution is low, both in breath and depth, and the source of light is not discernable in compared with two photon imaging to be discussed later.
In contrast with single photon technique, the two-photon fluorescence is shown in Fig. 2 with a focal point as the only excitable fluorophores, defining the point of fluorescence [7] - [10] . By this approach, a 3D scanning provides a high-resolution light emission pattern. Fig. 2 is a single movie frame of mouse #006 from the two-photon fluorescence imaging before electricity was applied to the piezoelectric vibrator, showing the background calcium fluorescence. Fig. 3 shows the timedependent spatial response of the same mouse after the power of the piezoelectric vibrator was turned on. Seven frames from the movie are selected to show the 2D response. We observed an initial latency of 3-5 min after insertion of the needle and application of power on the ASW driver. The intensity of the main fiber #3 under acupuncture needle was high, indicating a large increase of Ca 2+ . The amplitude seems to have increased and decreased in irregular movements of calcium wave fronts repeating between 5-10 minutes [11] - [13] . Ca 2+ migration appears directionally moving away from the acupuncture needle. The Ca 2+ flux seems confined in each muscle fiber but the signals indicate a distinct coupling between two neighboring fibers, e.g., cross-talk between fibers #2 and #3 during 7-15 min and between fibers #3 and #4 during 35-40 min. Notice that fiber #3 is lighted at all time, while fibers #1 and #2 are lighted in frames 2 and 3 and that fibers #4 and #5 in frames 5-7. The progressive migration is evident with fluorescence first appearing at the upper fibers (#1, #2 and #3) and subsequently shifting toward the lower fibers (#3, #4, and #5). The majority of calcium ions appear to make use of a single fiber for their transportation, consistent with the selective nature of acupoint locations. Also, the existence of calcium ions propagation in fibers adjacent to the main fiber may account for the efficacy of off-site needling in "sham" acupoint. These data closely match the puzzling results obtained from the German clinical trials [14] , [15] where acupuncture is most effective at de-qi but "sham" acupoint is also effective. From the microgram, we can estimate the fiber bundle of less than 100 µm in diameter.
Mouse #003 shown in Fig. 4 has a distinct main muscle fiber in red with integrated light from fibers above in green and those below in blue. It shows Ca 2+ migration patterns similar to those of Mouse #006, with similar light intensity and the same unidirectional movement of calcium ions, the main difference being the absence of cross-talks. All fiber dimensions are between 50 and 100 µm.
Conclusions
Using two-photon fluorescence imaging, we have found unambiguous evidence of calcium activation by a vibrating needle at 400 Hz in muscles fibers of mice. The conduction paths are of a dimension between 50 and 100 µm. We have demonstrated that Ca 2+ migration in mice in vivo is mainly along muscle tissues and unidirectional. The calcium flow appears to be a wave motion with a single tissue fiber acting as the channel to handle the majority of the calcium carrier conduction. The result is consistent with modern clinical trials and in agreement with cellular studies of mechanical activation in acupuncture [13] - [17] .
